High resolution NMR study of T 1 magnetic relaxation dispersion. Nuclear Magnetic Relaxation Dispersion (NMRD) of protons was studied in the pentapeptide Met-enkephalin and the amino acids, which constitute it. Experiments were run by using highresolution Nuclear Magnetic Resonance (NMR) in combination with fast field-cycling, thus enabling measuring NMRD curves for all individual protons. As in earlier works, Papers I-III, pronounced effects of intramolecular scalar spin-spin interactions, J-couplings, on spin relaxation were found. Notably, at low fields J-couplings tend to equalize the apparent relaxation rates within networks of coupled protons. In Met-enkephalin, in contrast to the free amino acids, there is a sharp increase in the proton T 1 -relaxation times at high fields due to the changes in the regime of molecular motion. The experimental data are in good agreement with theory. From modelling the relaxation experiments we were able to determine motional correlation times of different residues in Met-enkephalin with atomic resolution. This allows us to draw conclusions about preferential conformation of the pentapeptide in solution, which is also in agreement with data from twodimensional NMR experiments (rotating frame Overhauser effect spectroscopy). Altogether, our study demonstrates that high-resolution NMR studies of magnetic field-dependent relaxation allow one to probe molecular mobility in biomolecules with atomic resolution. © 2014 AIP Publishing LLC.
I. INTRODUCTION
Field-cycling Nuclear Magnetic Resonance (NMR) relaxometry is a widely used tool to study molecular mobility, which is applicable to a wide range of systems such as molecules in liquid solutions, polymers, molecular crystals, liquid crystals, and biomolecules. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In such experiments spin relaxation times are measured as a function of the external magnetic field; theoretical modeling of such field dependences, also termed Nuclear Magnetic Relaxation Dispersion (NMRD) curves, enables extracting motional parameters, i.e., motional correlation times, τ c . In general, the rate, R μν , of the relaxation transition for a pair of quantum spin states, |μ and |ν , can depend on the external magnetic field for three reasons. First, the spectral density of fluctuations, J(ω μν ), can change upon variation of the field and thus of the energy difference, ω μν , for the corresponding pair of levels. In this case, the changes in the relaxation rates are attributed to the change of the motional regime: J(ω μν ) changes considerably upon going from the limit of fast motion, ω μν τ c 1, to the limit of slow motion ω μν τ c ≥ 1. Second, the fluctuating part of the Hamiltonian,Ĥ f (t), can be field dependent; a typical example of such situation is given by relaxation caused by fluctuations of the Chemical Shift Anisotropy (CSA). Third, the rate R μν can change with the field because the eigen-states, a) Author to whom correspondence should be addressed. Electronic mail:
ivanov@tomo.nsc.ru |μ and |ν , change upon field variation. The reason for this is variation of the coupling regime in a network of interacting spins at different fields. This possibility was studied in detail in Papers I-III [12] [13] [14] for small molecules, which have several coupled spins. We have shown that at low fields where the spins are "strongly coupled" they tend to relax with a common T 1 -relaxation time despite a large difference in their high-field relaxation times. By "strong coupling" we hereafter imply that for spins i and j the difference, δν ij , in their Zeeman interactions with the field is smaller than their scalar spin-spin interaction, J ij ; otherwise, the spins are coupled only weakly. In addition to the relaxation with a common T 1 , spin-spin interactions result in nuclear spin Level Anti-Crossings (LACs), which manifest themselves [12] [13] [14] as sharp features in NMRD curves. Notably, these features have been observed for small molecules, which tumble fast, so that in the whole accessible field range the extreme narrowing condition, ω μν τ c 1, was fulfilled. In addition, protons were studied, for which the CSA effects are negligible; thus, that the observed features in NMRD curves were clearly attributed to the effect of spinspin interactions.
Hence, the presence of spin-spin couplings is an important factor for the relaxation behavior at low-field, which has to be taken into account for analyzing experimental data. So far, experimental studies of "strong coupling" effects on spin relaxation were limited because assessment of this factor requires high-resolution NMR detection in order to measure relaxation times of all individual protons, not only of the total spin magnetization of solvent or solute molecules. This requirement is relatively difficult to fulfill: so far there were only a few investgations dealing with NMR relaxometry with high spectral resolution. [13] [14] [15] [16] [17] [18] [19] [20] At the same time, high-resolution studies can open new avenues in NMR relaxometry as they provide site-specific data and thus give a way to probe mobility of individual atoms (or groups of atoms) in a molecule. Field-dependent studies also allow one to assess molecular motions, which cannot be probed by high-field relaxation studies only. Despite a few promising examples 8, 18, 20, 21 of such studies, this attractive possibility has not been fully exploited so far.
Here we report a site-specific NMR relaxometry study of the pentapeptide Met-enkephalin (Met-Enk) and the amino acids, which constitute it: tyrosine (Tyr), two glycines (Gly), phenylalanine (Phe), and methionine (Met). Met-Enk is an endogeneous opioid found in the central nervous system and the gastrointestinal tract, which activates opioid receptors in the mammalian pain response pathway. 22 Our study is aimed at probing the mobility of different amino acid residues in MetEnk and, moreover, of different atoms in each residue. To achieve this goal it is necessary to distinguish features in the NMRD curves, which result from variation of noise spectral densities, J(ω μν ), and those conditioned by spin-spin interactions. To this end we also study the free amino acids N-acetyl tyrosine (N-Ac-Tyr), Gly, Phe, and N-acetyl methionine (NAc-Met), which have the same spin coupling networks but tumble so fast that for them J(ω μν ) ≈ J(0) = const in the whole experimentally accessible magnetic field range. Experiments are done by using a home-built field-cycling device in combination with a high-resolution NMR spectrometer; the data are supported by theoretical modeling, which follows closely the approach we used earlier. [12] [13] [14] We show that in Met-Enk the features in the NMRD curves are due to both factors, strong coupling and variation of the motional regime, which are differentiated by taking the data for the amino acids for comparison and by using appropriate theoretical modeling; in addition, site-specific information about molecular mobility is extracted. From the NMRD data, we also draw conclusions about the conformation of Met-Enk in solution and compare the results with those obtained by the ROESY (rotating frame Overhauser effect spectroscopy) technique.
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II. MATERIALS AND METHODS
A. Compounds studied and sample preparation
Chemical structures of the compounds used are shown in Chart 1; numbering of the individual protons in all compounds studied is also given.
N-Ac-Met, Gly, Phe, N-Ac-Tyr, NaOD, DCl, and glass distilled deuterated water (D 2 O) were received from SigmaAldrich. Met-Enk was received from Bachem. The 700 μl solution containing 50 mM of one of amino acids or Met-Enk was prepared by dissolution of the compounds in D 2 O without additional purification; pH was adjusted to 10. All samples were purged with pure nitrogen gas and sealed in a standard 5 mm Pyrex NMR tube. In order to avoid vortex formation and sample shaking during the transfer, a Teflon plug was inserted into the NMR tube on top of the liquid.
The 1 H NMR spectrum of Met-Enk is shown in Figure 1 ; the assignment of all NMR lines is also given. To make the assignment we used the TOCSY technique. 24 The NMR spectra of the free amino acids (not shown here) are similar to those of the corresponding residues in the peptide. From the spectra we determined NMR parameters such as proton chemical shifts and spin-spin interaction constants; their values are given in the supplementary material (SM) 25 for the free amino acids and the amino acid residues in MetEnk.
B. Field-cycling NMR relaxometry
To switch the external magnetic field in a fast and controllable way we used a field-cycling device, which moves the whole NMR probehead with the sample in the inhomogeneous fringe field generated by the NMR cryo-magnet and a set of auxiliary electromagnets. The NMR probehead is moved by a digitally controlled step motor, which precisely positions the sample at different magnetic fields. A detailed description of this setup is given in Refs. 26-28; here we only summarize its technical parameters, which are essential in the context of this work. The setup enables high-resolution NMR detection under permanent slow sample rotation (0-150 Hz) at the high field, B 0 , of the NMR spectrometer equal to 7 T; the NMR spectral resolution is about 0.3 Hz. The magnetic field can be set in the range from 0.1 mT to 7 T; in the lowfield part of this region, namely, for fields below 0.1 T, the field is controlled with an accuracy of about 0.1 mT. The minimal achievable time of field switching from the highest to the lowest position (and vice versa) is 0.27 s; the time profile of field variation, B(t), is precisely known. Such a device has been first constructed at the Free University of Berlin (Germany) and is now available at the International Tomography Center (Novosibirsk, Russia).
The NMRD experiments were performed according to the following experimental protocol, which comprises 5 consecutive stages, see Figure 2 . In stage 1 the spin system is relaxed to thermal equilibrium at the NMR spectrometer field, B 0 ; the duration of this stage, τ R , is always taken relatively long (from 3 to 5 times the longest T 1 -relaxation time of the protons in the molecule studied) so that all spins acquire their equilibrium magnetization at this field. At the end of stage 1, a 180
• RF-pulse is applied and magnetization of all spins is inverted. After that, in stage 2, having a duration of τ 1 the field is switched from B 0 to the field B. In our experiments the spin relaxation kinetics is studied at different B fields. To this end, in stage 3 the spin system is allowed to relax to a new equilibrium at B during the variable time interval τ . Then in stage 4 the field is switched back to the detection position B 0 during time τ 1 . Finally, in stage 5 a 90
• RF-pulse is applied and the free induction decay is measured; its Fourier transformation gives the high-resolution NMR spectrum, in which signals, M i , of all individual spins are measured. To assess spin relaxation effects the experiment is repeated 20 times with differ- ent relaxation periods, τ , for the same B value. The functions M i (τ ) give the relaxation traces, which are approximated by mono-exponentials to extract the T 1 -relaxation of all spins, T 1i . To obtain field-dependent relaxation data the same experiment is done at different B field strengths; as a result, the field dependences, T 1i (B), are obtained for all coupled spins. Typical M i (τ ) traces are shown in SM. The time τ 1 for each B was taken as short as possible to minimize unwanted relaxation during field switching.
C. Theoretical model
The calculation method follows closely the one used earlier by us; [12] [13] [14] to describe spin relaxation we made use of the Redfield theory. 29 As usual, we split the spin Hamiltonian of the molecule under study into a time-independent part,Ĥ 0 , which defined the eigen-states of the system, and a fluctuating part,Ĥ 1 (t), which causes spin relaxation. The HamiltonianĤ 0 describes a system of N scalar coupled protons,
Here ν i is the Zeeman interaction of the ith spin with the field, which is determined by its chemical shift,
(here the proton gyromagnetic ratio, γ p , is introduced); J ij is the scalar spin-spin interaction constant for the corresponding pair of spins. The HamiltonianĤ 1 (t) results in spin relaxation; the rates of relaxation transitions for a pair of levels, |μ and |ν = |μ , can be defined as follows:
(2)
Here {. . .} Av stands for ensemble averaging, while ω μν = (ω μ − ω ν ) is given by the difference in the corresponding eigen-values ofĤ 0 , which are ω μ and ω ν . To calculate the relaxation rates we assumed that spin relaxation is caused by fluctuating local fields, B i , experienced by each spin; as a result, in the absence of coupling (or in the limit of weak coupling) the spins relax with their "intrinsic" T 1 -and T 2 -relaxation times, which are equal in the extreme narrowing limit and are defined as T 1i = T 2i = T i . In this situation, the fluctuating part is defined aŝ
As a consequence, the rates R μν can be expressed via the matrix elements μ|Î iα |ν (here α = {x, y, z}). We assumed that the interaction with the local magnetic fields is isotropic, consequently, {B
We also assumed that (i) different components of the local fields are uncorrelated so that {B iα B iβ } Av = 0 (α = β) and (ii) local fields for different nuclei are also uncorrelated, i.e., {B iα B jβ } Av = 0 (i = j). Taking this into account, the remaining terms are written as follows:
Here we replaced the ensemble-averaged value (2τ ci γ 2 p {B 2 iα } Av ) by 1/T i ; for calculating the noise spectral density, J i (ω), we always assumed that the noise auto-correlation function decays exponentially. Then
2 with τ ci being the motional correlation time for the corresponding spin. For small molecules such, as free amino acids, in aqueous solution at room temperature it is sufficient to consider the extreme narrowing case where J(ω)/J(0) ≈ 1. As a result, the relaxation rate R μν takes the form:
Taking these rates we calculated numerically the evolution of the vector, p(τ ), composed of the eigen-state populations and then the evolution of magnetizations, M i (τ ), of all spins in the same way as previously. [12] [13] [14] Finally, a single relaxation time, T 1i , and its B-field dependence were determined for each spin. This simple model correctly reproduces features in the field dependence arising from both "strong coupling" and LACs and also from the variation of the motional regime upon going to high fields. As input parameters for these model one needs to know the NMR parameters such as chemical shifts and scalar couplings and "intrinsic" relaxation times, T 1i . For each molecule under study we determined chemical shifts and J-couplings directly from its NMR spectrum; for determining T 1i we measured high-field T 1 -relaxation times in the standard inversion-recovery experiments. For amino acids we assigned the measured relaxation times to T i ; for MetEnk we assumed that the measured relaxation time is equal to
2 we fitted the experimental NMRD curves and extracted the unknown correlation times, τ ci . As has been mentioned, in our model we consider only relaxation of eigen-state populations; this is an approximation, which has its applicability limits. As we have shown before 12, 13 for coupled multi-spin systems it becomes necessary to consider the full relaxation super-operator when the products, J ij T 1i 1. In this situation, spin relaxation is faster than the evolution dictated by J-couplings, i.e., the eigenstates are ill defined on the timescale of relaxation and the influence of spin-spin interactions vanishes. In all the cases treated below the J-couplings are sufficiently large and the approximation of relaxation of states is valid. Now let us present the experimental results for NMRD in amino acids and Met-Enk.
III. RESULTS AND DISCUSSION
A. NMRD of amino acids
Let us first describe the data obtained for the free amino acids; the NMRD curves for all four amino acids under study are shown in Figure 3 . As has been pointed out previously, for amino acids the correlation times for molecular tumbling are so short (namely, about 100-200 ps) that in the whole field range up to 7 T we obtain γ p Bτ c 1 and J i (ω)/J i (0) → 1. The case of free amino acids is thus suitable for testing effects of J-couplings on relaxation at low fields.
Among the four amino acids under study Gly represents the simplest case as it has only two magnetically equivalent protons. Accordingly, the relaxation time of the Gly protons does not depend on the field because all three factors, which lead to features of the NMRD curves (see the Introduction), are missing in this case. This is exactly the experimentally observed behavior, see Figure 3 (c): the T 1 -relaxation time of the α-CH 2 protons of Gly virtually does not depend on the field.
The other amino acids exhibit a more complex relaxation behavior. Let us first consider N-Ac-Met and then Phe and N-Ac-Tyr.
In N-Ac-Met there are the δ-CH 3 group and the acetyl group, which are not coupled to any other protons, and also five protons belonging to the α-CH, β-CH 2 , and γ -CH 2 groups, which form a coupled network of spins. Due to the absence of coupling to other spins, the relaxation time is field independent for the δ-CH 3 protons and the CH 3 protons of the acetyl group. The other protons have considerably different relaxation times at high field, whereas at low fields, they all tend to relax with a common relaxation time, see Figure 3 (a). This is because the entire five-spin system is strongly coupled; thus, not the individual spins relax but instead their collective spin states. Our theoretical treatment also predicts that the relaxation times do not change monotonously with the field: for the NMRD of the α-CH proton one sees a sharp feature around 450 mT. This feature originates from an LAC in the coupled five-spin system: previously it has been shown that LACs cause such features in NMRDs. Unfortunately, we were not able to clearly reveal this feature experimentally. systems; [12] [13] [14] studying them in detail is also beyond the scope of this work. Apart from the sharp features, which are relatively difficult to reveal in the present case, the agreement between theory and experiment is very good.
In both N-Ac-Tyr, see Figure 3 (d), and Phe, see Figure 3(b) , there is a three-spin system formed by the α-CH proton and two β-CH 2 protons; as follows from our results this system relaxes almost independently of the aromatic protons. The three-spin system also exhibits relaxation with a common T 1 at low fields despite a considerable difference in the highfield relaxation times for the α-CH proton and the β-CH 2 protons. In addition, there is a sharp feature at intermediate field (250 mT for N-Ac-Tyr and 700 mT for Phe); it is caused by an LAC. It is known that in every system of three non-equivalent spins there is always one of such LACs at a non-zero magnetic field; 12, 30 this LAC has a strong effect on the relaxation behavior in the corresponding field range. Different positions of the LAC for N-Ac-Tyr and Phe are due to the different NMR parameters for the two molecules. Specifically, the difference in chemical shifts, δ α − (δ β1 + δ β2 )/2, for the α-CH proton and β-CH 2 protons is three times larger in the case of N-AcTyr, while the scalar coupling between the α-CH proton and the β-CH 2 protons is about the same in both cases. Therefore, in the case of N-Ac-Tyr the magnetic field where the LAC occurs is approximately three times lower than in Phe. Again, the relaxation behavior is reproduced by the calculation.
As far as the aromatic protons are concerned, in Phe their relaxation time hardly depends on the field due to the lack of coupling to other spins. In N-Ac-Tyr, at fields below 200 mT the two groups of the aromatic protons, H2,6 and H3,5 protons, start relaxing with a common relaxation time due to strong coupling. In addition, for the H3,5 protons we observed sharp features around 60 mT. The origin of these features is unclear. They might result from rather weak coupling to the β-CH 2 protons; however, in this case our calculation predicts somewhat smaller effects on the relaxation of the aromatic protons. In addition, coupling to the β-CH 2 protons should result in a similar behavior of the H2,6 protons (because at this field the aromatic protons are strongly coupled and relax together), which is not the case in the experiment. Here we leave this issue open. The rest of the relaxation behavior is in good agreement with the simulation.
Having described the relaxation behavior for the free amino acids, let us now consider relaxation in Met-Enk.
B. NMRD of Met-Enk
NMRD curves for Met-Enk are presented in Figure 4 . Relaxation data for the field range were obtained by using the protocol shown in Figure 2 . In addition, we measured the relaxation times at two higher fields, 9.4 T and 16.4 T, at 400 MHz and 700 MHz NMR spectrometers by inversionrecovery experiments.
At fields below 1 T, where ωτ c 1, the NMRD curves for the amino acid residues are essentially the same as those in the corresponding free amino acids: all features in the field dependences of relaxation are originating from strong coupling of spins at low fields and LACs. The only difference is that in the peptide the relaxation times are systematically shorter due to slower molecular motion. At higher fields for all protons of Met-Enk there is a sharp increase of the relaxation times due to the change of the motional regime: from the fast motional limit (extreme narrowing case), ωτ c 1, at low fields the system goes to the field range where ωτ c ∼ 1. To model such field dependences it is necessary to take into account the variation of J(ω) with the field. In turn, from the field dependence of relaxation the motional correlation times can be determined for different residues and even different atoms within the same residue.
We simulated the NMRD curves in the following way. We modeled the data separately for each residue to determine its τ c value. Only for the α-CH 2 protons of the two Gly residues we considered their total relaxation and determined their average motional correlation time because we were not able to discriminate between their NMR signals. In the case of Met we modelled the NMRD of the δ-CH 3 protons completely independent of other nuclei.
As a result of the modelling we determined the following correlation times of motion for the studied residues: τ c = 180 ps for the α-CH and β,γ -CH 2 protons of Met and τ c = 160 ps for the δ-CH 3 protons; τ c = 320 for Phe; τ c = 550 ps for the two Gly's; τ c = 360 ps for Tyr. The results for τ c of different protons are summarized in Table I . One clearly sees that the most mobile residue is Met; furthermore, the δ-CH 3 protons of the Met residue are more mobile than the protons, which are closer to the backbone. Tyr and Phe have intermediate mobility in Met-Enk, while the least mobile residues are the Gly's. Previous studies of Met-Enk in bicelles 31 show that the Tyr and Phe residues are surrounding the Gly's, whereas Met is not participating in forming such a structure. The previous experiments 31 were performed in bicelles because for Met-Enk (having rather small size) in the field range 10-20 T we have ωτ c ∼ 1. Consequently, in twodimensional NMR spectra the NOE (Nuclear Overhauser Effect) cross-peaks, which are necessary to determine the structure, are almost absent not because the atoms are too far apart but rather because the motional conditions in aqueous solution are not favorable for NOE. In bicelles, the correlation times are significantly longer and it becomes possible to determine the NOEs. In addition to the studies in bicelles, we measured the NOE cross-peaks in aqueous solution by using the more sensitive ROESY method. 23, 32 This allowed us to obtain the cross-peaks, see Figure 5 (a), between the aromatic protons of Tyr and Phe. All other cross-peaks are between atoms belonging to the same amino acid residue and do not add information helpful for determining the secondary structure of MetEnk. This observation, together with the determined motional correlation times, is in favor of the assumption that in solution the Met-Enk structure is similar to that in bicelles (see Figure 5(b) ). In this way, we are able to show that the NMRD data for individual atoms and the resulting motional correlation times provide information on the molecular structure. The conformation (compact conformation with Tyr and Phe in close contact) of Met-Enk revealed by our studies is thought to be bio-active 33 as it is involved in the selection of the receptor.
IV. SUMMARY AND CONCLUSIONS
We have studied the NMRD curves for the Met-Enk pentapeptide and the amino acids, which constitute it, in the magnetic field range from 0.1 mT to 16.4 T. The experimental method is based on fast field-cycling and highresolution NMR detection, which allowed us to obtain the field-dependent relaxation times for individual protons in the amino acids and in Met-Enk. We have shown that at low fields, 1 T and below, the NMRD curves are determined by scalar spin-spin interactions via the "strong coupling" mechanism. At high field, the relaxation times in the free amino acids become constant (within the experimentally accessible range), whereas in Met-Enk the relaxation times depend on the field because of the variation of the motional regime. From the field dependence within this range motional correlation times were determined for the individual residues. Using these τ c values and the two-dimensional ROESY method we were able to make a conclusion on the structure of Met-Enk in solution. Our site-specific method (meaning that the mobility of individual atoms can be assessed) enables highly detailed characterization of molecular motion.
Our study shows the importance of J-couplings on spin relaxation, which is usually ignored completely. As is clearly shown by the comparison of NMRDs for the free amino acids and the corresponding amino acid residues in Met-Enk, at low fields effects of J-coupling are very pronounced: "strong coupling" forces spins to relax with a common T 1 -relaxation time. This effect cannot be accounted for when uncoupled spins are considered. "Strong coupling" has to be taken into account when analyzing relaxation at low fields: neglecting it prevents interpretation of the data even on the qualitative level. The only case where the spin-spin interactions are irrelevant is given by the situation where spin relaxation proceeds faster than the spin evolution given by J-coupling. In the study of Met-Enk we were able to distinguish clearly the features coming from spin-spin interactions from those caused by molecular motions; the motional correlation times were determined for different residues and, moreover, for different protons within the residues.
It is worth noting that other interactions, for instance, partly non-averaged dipole-dipole interactions can lead to similar effects. Again, in such cases the concept of "strong coupling" at low fields must be used to describe the relaxation behavior at low fields. As a related phenomenon, it is also important to mention coherent polarization transfer in coupled spin system. Although this process is dynamic (in contrast to stochastic spin relaxation) it also relies on strong coupling (because polarization is evenly distributed among strongly coupled spins) and is particularly efficient at LACs. 30, [34] [35] [36] [37] [38] [39] Thus, both concepts, strong coupling and LACs, are also of importance for other low-field NMR experiments.
